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ABSTRACT
Context. New spectroscopic observations in the far-infrared (IR) range are expected from future planned missions. Although water
ice is the only species detected so far in interstellar ices in this range, the presence of ice mixtures requires laboratory characterization
of the corresponding spectra.
Aims. We present an investigation on far-IR spectra of binary ice mixtures relevant in various astrophysical environments. The fore-
most goal is to compare the spectroscopic features of the ice mixtures to those of pure ices, and to search for changes in peak
frequencies, intensities, and band strengths of the main bands.
Methods. Mixtures H2O:CH3OH and H2O:NH3 of different ratios have been deposited on a diamond substrate at astrophysically
relevant conditions. We measured the spectra in the near- and mid-IR regions to derive ice column densities that were subsequently
used to calculate the apparent band strengths in the far-IR region. We also designed theoretical models to study these mixtures and to
predict their spectra.
Results. We recorded spectra of amorphous phases for H2O:CH3OH mixtures of different compositions, that is 1:1, 3:1, and 10:1 at
8 K, and compared these mixtures to those obtained after warming. This process involves the appearance of new spectral features and
changes in band shapes and band strengths. We also compared the spectra to those of the pure species and to theoretical predictions.
We measured apparent band strengths for all the observed features. For H2O:NH3 mixtures, the ratios selected were 3:1, 1:1, and 1:3.
In this case the spectral variations are even more marked than for the water:methanol samples.
Conclusions. Band strengths in the far-IR are missing in astrophysics literature for ice mixtures. The results presented here are
valuable for detecting the presence and composition of such mixtures from future space observations in this spectral region.
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1. Introduction
Since its first identification in 1979 by Léger et al., water ice has
been observed in the interstellar medium (ISM) along several
lines of sight and in different sources, mainly in dense molecular
clouds. Water is the most abundant component of ice observed
in space, however, other molecular species have been identified
as minor ice components by their spectroscopic features in the
infrared (IR) region. In particular, carbon monoxide is the second
most abundant species detected in interstellar ices, followed by
carbon dioxide, with abundances up to ∼40% relative to water.
Other species like methanol, ammonia, and methane are present
in the ice mantles with abundances up to ∼10% relative to water
(see Boogert et al. 2015, and references therein).
The identification of the molecular composition of ices in
space relies on preliminary laboratory characterization. Infrared
spectroscopy is the main tool used to investigate properties of
ices, by collecting information about the vibrational modes of
the molecules. From the analysis of band positions and profiles
it is possible not only to identify the ice components, but also
to determine the ice structure (see, for example, Gerakines et al.
2015, for a critical case regarding pure CH4 ices) and ultimately,
to comprehend the degree of processing of an astronomical ice
sample, in terms of thermal history and radiative transfer. An ex-
tensive characterization of the spectroscopic properties of ices in
the laboratory has been conducted in the past 30 yr. The major-
ity of these data were collected in the near- and mid-IR regions,
typically from 1 µm to 25 µm.
In the far-IR region, extending from 25 µm to 500 µm,
fewer previous studies have been reported. In particular, Bertie &
Whalley (1967), Warren (1984), Moore & Hudson (1992), Smith
et al. (1994), Maldoni et al. (1999), and Moore et al. (2001) fo-
cused mainly on the determination of optical constants and the
analysis of the spectral differences between the amorphous and
crystalline structures of water ices. Brown & King (1970) and
Warren (1986) analyzed pure carbon dioxide ices, Ferraro et al.
(1980), Sill et al. (1980), and Martonchik et al. (1984) investi-
gated pure ammonia ices, and Anderson et al. (1988) reported
spectroscopic data for methanol pure ices.
Far-IR studies of water and other astrophysically relevant
species have also been reported by Hudgins et al. (1993), Trotta
(1996), Schmitt et al. (1998), and Coustenis et al. (1999).
Johnson & Atreya (1996) investigated water and carbon dioxide
planetary ices. In addition, far-IR spectra of mixed ices of astro-
physically relevant species have been investigated by Moore &
Hudson (1994).
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The intermolecular vibrational modes, which are associated
with the far-IR spectroscopic region, can be used to interpret
the structure of the condensed phase and to discriminate be-
tween structures with different degrees of order. However, band
strengths are still needed for quantification purposes. In Giuliano
et al. (2014) the infrared band strengths in the 25−500 µm region
were measured for pure ices of the most astrophysically relevant
species, namely H2O, CO2, CH3OH, and NH3, at a temperature
of 8 K followed by warm up. Despite their presence in interstel-
lar ices, CO and CH4 do not present any feature in the far-IR
region above 100 cm−1 and were not included in the study. From
these data, the band strengths of the ice samples, both appar-
ent (derived from the IR spectra) and absolute (derived from the
optical constants) as defined in the molecular spectroscopy lit-
erature (see, e.g., Maeda & Schatz 1961; Wexler 1967; Scrocco
et al. 1972) were determined.
In the present work, we extended the same analysis to binary
ice mixtures of water with methanol and ammonia in differ-
ent proportions. We did not study binary mixtures with carbon
dioxide since the CO2 far-IR features fall in a frequency re-
gion where the noise level is too high (see Giuliano et al. 2014).
The presence of another component in a pure ice is known to
affect the position and shape of the vibrational bands and, to
some extent, can alter their band strengths. Previous examples
of this behavior, estimated in the mid-IR region, can be found in
d’Hendecourt & Allamandola (1986), Öberg et al. (2007), and
Bouwman et al. (2007). A dramatic example of the change in
the band strength values for water and methane ice mixtures is
shown in Bossa et al. (2015). In our analysis, the apparent band
strengths of the far-IR bands were calculated from the column
densities of the different components in the ice mixtures.
2. Methods
Characterization of the ice mixtures was performed in the ul-
tra high vacuum (UHV) InterStellar Astrochemistry Chamber
(ISAC; described in Muñoz Caro et al. 2010), which is equipped
with two external IR-transparent diamond windows that allowed
us to collect the whole spectrum of the ice samples during the
same experiment. Ice samples were prepared in situ by gas con-
densation onto a diamond substrate cooled at 8 K by means of a
closed-cycle helium cryostat. The diamond substrate presents a
small absorption in the 2000−2500 cm−1 region, which is com-
pensated by subtracting the window spectrum recorded before
the ice deposition.
For preparation of the ice samples, H2O (triply distilled),
CH3OH (supplied by Panreac, HPLC-gradient grade), and NH3
(supplied by Praxair, 99.999% pure) were used without fur-
ther purification. Deposition pressure in our experiments varied
between 1 × 10−7–1 × 10−6 mbar, leading to an approximate
deposition rate of between 100−300 ML/min, where 1 ML is
1015 molecules cm−2.
The IR spectrum in the 6000−100 cm−1 spectroscopic region
was recorded at 8 K by Fourier transform infrared (FTIR) trans-
mittance spectroscopy using a Vertex 70 spectrometer equipped
with a deuterated triglycine sulfate detector (DTGS). All the
spectra were recorded in the near- and mid-IR regions with a res-
olution of 2 cm−1, aperture 6 mm, and averaged over 128 scan
accumulations, while, spectra in the far-IR region were recorded
with a resolution of 4 cm−1 and 256−512 accumulations. The
baseline was corrected manually using a spline function. The ice
samples were subsequently heated at a rate of 2−5 K per minute
using a silicon diode temperature sensor and a LakeShore Model
331 temperature controller. Warming up of the ice analogs was
carried out until a more ordered structure was achieved, evi-
denced by changes in their IR spectra. Characterization of the
ice mixtures was thus performed at both the amorphous state at
8 K and at more ordered structure at higher temperatures.
The column density of the deposited ice was calculated using
the formula
N =
1
A
∫
band
τνdν (1)
for bands in the near- and mid-IR region of the spectrum, where
N is the column density in cm−2, τν the optical depth of the band,
dν the wavenumber differential in cm−1, and A the apparent band
strength in cm molecule−1.
For the H2O:NH3 ice samples, the adopted band strengths
for pure ammonia and water ices are taken from Sandford & Al-
lamandola (1993) and Gerakines et al. (1995, 2005; see Table 1).
Using these values for ice mixtures introduces an uncertainty of
about 20−30% (d’Hendecourt & Allamandola 1986).
In the case of the H2O:CH3OH ice mixtures, the mid-IR
bands with known band strengths were either saturated owing
to the thickness of our ice samples or blended with features from
the other species. Column densities were derived alternatively
from the peak height of the 2827 cm−1 and the 1660 cm−1 bands
of methanol and water, respectively. Both peaks corresponded to
nonsaturated bands and blending was negligible at the peak po-
sition. The relations between the peak heights and column den-
sities of both components were derived using thinner binary ice
mixtures whose column densities could be calculated using the
above formula. Derived relations are written as
NH2O = (29 067 × τ1660 cm−1 − 300) × 1015 molecules cm−2 (2)
NCH3OH = (3804 × τ2827 cm−1 + 4) × 1015 molecules cm−2. (3)
Equation (2) is only valid for thick ices (NH2O ≥
500 molecules cm−2).
Observed bands in the far-IR region were assigned to one
of the components in the ice mixture by comparison with the
pure ice spectra. Knowing the column density of each compo-
nent in the ice mixtures allowed us to quantify the apparent band
strengths of the corresponding far-IR features in the mixtures, at
both low and high temperatures, using the equation
AFIR =
1
N
∫
band
τνdν =
∫ FIR
band τνdν∫ MIR/NIR
band τνdν
AMIR/NIR, (4)
which follows from Eq. (1). Calculated AFIR values are affected
by the 20−30% uncertainty assumed for the AMIR/NIR values in
the mixtures for using band strengths of the pure ices. In ad-
dition, we estimated an uncertainty of ∼25% in the determina-
tion of the integrated optical depths for the far-IR features. This
uncertainty comes from the difficulty in establishing a proper
baseline for the IR bands, especially those of water, because of
the elevated noise in the low-frequency region of the spectrum.
Adding up the uncertainty in the ice column densities mentioned
above, the total estimated uncertainty in the AFIR values is of
about 50%.
A Pfeiffer Prisma Quadrupole Mass Spectometer (QMS) was
used during the experiments to monitor any ice losses that could
take place owing to thermal desorption during the warm up
of the ice samples. The QMS was equipped with a Channel-
tron detector of mass spectral range from 1 to 200 amu. Gas-
phase molecules were ionized via low-energy (∼70 eV) electron
bombardment. A rise in the ion current of the mass fragments
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Table 1. Band strength (A) values of measured bands in the mid-IR region used for determination of the A values in the far-IR.
Species Frequency (cm−1) Mode A (cm molec−1) Reference
NH3 4995 ν1+ν4 (?) 8.1 × 10−19 a
4482 ν1+ν2 (?) 8.7 × 10−19 a
1070 ν2 1.7 × 10−17 b
H2O 760 libration 3.1 × 10−17 c
References. (a) From Gerakines et al. (2005). (b) From Sandford & Allamandola (1993). (c) From Gerakines et al. (1995).
m/z = 18, m/z = 31, and m/z = 15 would be due to desorp-
tion of water, methanol, and ammonia molecules, respectively.
The high sensitivity of this mass spectrometer allows detection
of small quantities of molecules, and it was therefore used pref-
erentially to detect ice losses that may not be detected by the
FTIR spectrometer.
We performed several theoretical calculations of mixtures
of water and methanol, and water and ammonia molecules, in
proportions similar to those in the ice samples recorded in the
laboratory experiments. All calculations were carried out us-
ing software programs of the Material Studio package from
Dassault Systèmes Biovia Corp. We obtained initial geometries
with Amorphous Cell, a program that creates cell structures in
which molecules are introduced and their interaction energy is
minimized by Monte Carlo methods for a given density and
temperature. The amorphous modules thus obtained were re-
laxed with CASTEP (Clark et al. 2005), which employs the
density functional theory (DFT) plane-wave pseudo-potential
method, for a specified level of accuracy. For our calculations,
we chose the generalized gradient approximation with Perdew-
Burke-Ernzerhof functionals (Perdew et al. 1996) with conver-
gence thresholds of 5 × 10−6 eV/atom, 0.01 eV/Å, 0.02 GPa and
5 × 10−4 Å for energy, maximum atomic force, maximum cell
stress, and maximum atom displacement, respectively; we chose
an SCF tolerance of 5 × 10−7 eV/atom.
We predicted spectra at the minimum of the potential en-
ergy surface for each structure. We reproduced some spectra in
Figs. 1, 4, 6, 9, and 11; in these figures vibrational modes are rep-
resented by Lorentzian functions of half width at half maximum
(HWHM) of 25 cm−1, which matches the observed features for
these amorphous samples. Vibrational mode assignment is pro-
vided by the visual tools in Materials Studio, but the modes in
this far-IR region are usually blends of atomic motions that in-
clude translations and librations, and it is often difficult to point
out a single mode. Besides that, the assignments are sometimes
too dependent on the final structure, and a small modification in
the geometry may enhance one mode over another. Altogether,
the assignments proposed here must be taken with caution.
3. Experimental results
As mentioned in previous sections, binary ice mixtures com-
posed of water, which is the major component found in inter-
stellar ices, and methanol or ammonia were characterized in the
far-IR region of the spectrum.
Ice samples were deposited at low temperature (8 K) as
amorphous solids and subsequently heated. Thermal processing
of ices induces structural changes, which may include diffusion
of molecules, segregation, and phase transitions to more ordered
structures. Characterization of the ice samples was performed at
both low and high temperatures, since these structural changes
Fig. 1. Infrared spectra of an H2O:CH3OH 1:1 ice mixture in the
far-IR region at 8 K and 130 K (solid lines). Spectra are offset for clar-
ity. The dashed line represents the calculated spectrum of an ice mixture
of the same composition.
produced modifications in the infrared spectra of the ice mix-
tures, such as the appearance of new features, and/or variations
in both the peak frequency and band intensity of those already
observed at low temperature.
Peak frequencies were measured and apparent band strengths
were derived for every observed feature of both the amorphous
mixtures, and the more ordered ices achieved by annealing of the
ice samples. These values were compared to the frequencies and
band strengths of similar vibrational modes of the amorphous or
crystalline pure ices.
Thermal desorption of ice molecules at high temperatures
was monitored by means of a QMS. No desorption of water or
methanol was detected for the temperatures at which the reported
IR spectra were collected, however, desorption of ammonia in
the H2O:NH3 ice mixtures started above 90 K, before structural
changes were complete. This made the compositions of these
mixtures vary at high temperatures with respect to the deposited
mixtures. Nevertheless, the spectra at higher temperatures were
recorded, when possible, to obtain information about the band
shapes and positions of the more ordered structures, but no ap-
parent band strengths were calculated in those cases.
Together, theoretical calculations were performed for se-
lected mixtures and structures. This allowed us to achieve a
graphical picture of the vibrational modes responsible for the
observed bands in the far-IR region. In most cases, we focused
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on the calculations of the amorphous ices, since it was difficult
to assume a certain ordered structure for the annealed ice mix-
tures needed to perform the calculations. In any case, compari-
son between the observed and calculated spectra should be re-
garded with caution, since theoretical spectra were not able to
completely reproduce the observed spectra.
Results are shown in Sects. 3.1 and 3.2 for different ice mix-
tures with methanol and ammonia, respectively.
3.1. H2O:CH3OH ice mixtures
We studied three different compositions for the H2O:CH3OH ice
mixture, one with a 1:1 ratio (Sect. 3.1.1), and the other two with
3:1 and 10:1 ratios, which is closer to the astrophysical scenario
(Sects. 3.1.2 and 3.1.3, respectively).
Spectra were collected at 8 K for the three ice mixtures.
Characterization of the annealed ice samples was performed at
130 K for the 1:1 and 3:1 ice mixtures, and at 135 K for the
10:1 ice mixture before the formation of clathrate structures (pre-
viously studied in Moore & Hudson 1994) was initiated. No
desorption of water or methanol molecules was detected by the
QMS at those temperatures, as expected according to the desorp-
tion temperatures reported, for example, in Martín-Doménech
et al. (2014). Therefore, the column densities measured for the
ices at 8 K remained constant for the annealed samples.
Table A.1 summarizes the peak frequencies and apparent
band strengths of the observed far-IR features in the three mix-
tures, and compares them to the corresponding values for similar
vibrational modes in the pure ices. The spectra from which these
values are extracted are further studied in Sects. 3.1.1–3.1.3.
3.1.1. H2O:CH3OH 1:1
Figure 1 shows the far-IR spectrum of the H2O:CH3OH 1:1 ice
mixture, which was deposited at 8 K and warmed up to 130 K.
The ice was composed of 1.5 × 1019 molecules cm−2 of water,
and 8.8 × 1018 molecules cm−2 of methanol. Column densities
were calculated as explained in Sect. 2. Since the uncertainties
in the column densities of these species could be of 20%−30%,
or even higher, as explained in Sect. 2, we considered the ratio
of this mixture to be, approximately, 1:1. Table A.1 summarizes
the peak frequencies and calculated apparent band strengths of
the ∼200 cm−1 feature observed at 8 K and the two far-IR bands
(one band with a second peak at lower frequencies) detected at
130 K in Fig. 1. Band strengths were calculated assuming the
above column densities.
The calculated spectrum of the amorphous ice mixture is also
shown in Fig. 1. A broad band is predicted in the same region
as that observed in the ice mixture, peaking at a slightly higher
frequency. This broad band is due to two librational modes of
water with contributions from a translational mode of water and
a librational mode of methanol. A second translational mode of
water with a librational mode of methanol appears as a second
peak at a lower frequency with no experimental counterpart.
Figure 2 compares the far-IR spectrum of the ice mixture
at 8 K with the spectra of pure water and methanol ices at the
same temperature, along with the sum of the two pure ice spec-
tra. The peak frequency of the band detected at 203 cm−1 in the
ice mixture is slightly lower than that of the pure water ice band.
A similar behavior is found for the water-dominated far-IR band
in most of the mixtures studied in Moore & Hudson (1994).
A shoulder on the blue side of the water-dominated band in-
dicates contribution of the broad band of amorphous methanol
Fig. 2. Infrared spectra of an H2O:CH3OH 1:1 ice mixture in the far-IR
region at 8 K (black solid line) along with the spectra of pure water (blue
solid line) and methanol (red solid line) ices of the same thicknesses as
that of each species in the ice mixture. Pure ice spectra are shifted for
clarity. The dashed line is the sum of the two pure ice spectra. A small
region around 150 cm−1 is not shown because of the high noise collected
at those frequencies.
peaking at 303 cm−1 in the pure ice case, which is not intense
enough to be clearly detected in the mixture. This was also
observed in Moore & Hudson (1994). A comparison between
the observed spectrum and the sum of the two pure ice spectra
(scaled to the column densities of the species in the ice mix-
ture) shows that the band strength of the water-dominated band
in the mixture is similar, within errors, to the band strength of the
pure water band, as shown in Table A.1. This may be because
methanol and water molecules behave similarly, forming hydro-
gen bonds of comparable strength, and therefore, the presence of
methanol molecules does not critically affect the corresponding
lattice vibrational mode of water molecules.
Figure 3 compares the spectrum of the annealed ice mix-
ture at 130 K with the spectra of pure crystalline water at 150 K
and pure crystalline methanol at 120 K, scaled to their column
densities, as well as the sum of the two pure ice spectra. The
phase change to a more ordered structure is evidenced by the
appearance of a new feature in the spectrum of the ice mixture
at 344 cm−1 (near that of pure crystalline methanol ice), and the
change in the band shape of the water-dominated band, which
now peaks at 215 cm−1. A new peak at 170 cm−1 is observed in
the red side of the water band, which is probably formed by con-
tribution of both the peak of pure crystalline water at 160 cm−1
and the band of pure crystalline methanol at 177 cm−1.
The new features in the IR spectrum of the ice mixture indi-
cate that segregation is taking place to some extent. A compari-
son between the observed spectrum and the sum of the two pure
ice spectra shows a decrease in the band strengths of the two
main far-IR features in the ice mixture with respect to the pure
ices (see Table A.1). This may indicate that segregation is not
complete in the mixture, and at the same time, that the presence
of other molecules affects the lattice vibrational modes in or-
dered structures more than in the amorphous structures, thereby
slightly decreasing their band strengths.
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Fig. 3. Infrared spectra of an H2O:CH3OH 1:1 ice mixture in the far-
IR region at 130 K (black solid line) along with the spectra of pure
water (blue solid line) and methanol (red solid line) ices of the same
thicknesses as that of each species in the ice mixture. Pure ice spectra
are shifted for clarity. The dashed line is the sum of the two pure ice
spectra.
Fig. 4. Infrared spectra of an H2O:CH3OH 3:1 ice mixture in the far-IR
region at 8 K and annealed at 130 K (solid lines). Spectra are offset for
clarity. Spectral regions with high noise are not shown. The dashed line
represents the calculated spectrum of an ice mixture of the same com-
position, which is in better agreement with the spectrum of the annealed
ice.
3.1.2. H2O:CH3OH 3:1
Figure 4 shows the far-IR spectrum of the H2O:CH3OH 3:1 ice
mixture, deposited at 8 K and warmed up to 130 K. The ice was
composed of 2.1 × 1019 molecules cm−2 of water, and 7.5 ×
1018 molecules cm−2 of methanol. The peak frequency of the
water-dominated band at 8 K could not be properly measured
because of the noise in that region of the spectrum. We also ob-
serve a small shoulder on the blue side of the band due to contri-
bution of the broad band of amorphous methanol, although it is
not as clear as in Figs. 1 and 2. Evolution of the spectrum during
the warm up shows the same behavior as that of the 1:1 ice mix-
ture with the three features peaking at similar frequencies within
errors (see Table A.1).
The calculated spectrum of the 3:1 ice mixture shown in
Fig. 4 is in better agreement with the observed spectrum of the
annealed ice, since the methanol molecule included in the the-
oretical simulations acted as if it were segregated among the
rest of water molecules. Two librational modes of water lead-
ing to one broad band in the calculated spectrum are predicted
at similar frequencies as the observed peak at 215 cm−1, with
the contribution of two water translational modes, one of which
has a less intense methanol libration. According to the calculated
spectrum, the peak at 176 cm−1 is due to a combination of two
vibrational modes, including water translation and methanol li-
bration, which is predicted at a slightly lower frequency than in
the observed spectrum.
The peak at 345 cm−1 resembles that of the pure crystalline
methanol ice, as seen in Fig. 3. However, theoretical calculations
predict a band at a slightly higher frequency due to a librational
mode of water molecules. As explained in Sect. 2, these assign-
ments should be handled with caution.
The band strength of the water-dominated far-IR band at 8 K
is similar to those measured for the 1:1 mixture and the pure
water ice. The presence of methanol molecules, which is less
important in this mixture, does not seem to affect, in this case
either, the corresponding lattice vibrational mode of the water
molecules. The band strengths of the water and methanol fea-
tures observed at 130 K, however, tend to be higher than in the
1:1 mixture and closer to that of the pure crystalline ices. One
possible explanation for this behavior could be the longer time
that the ice mixture was held at high temperatures in this experi-
ment, which could lead to a further segregation of the molecules,
and therefore, to IR features more similar to those of the pure
crystalline ices.
3.1.3. H2O:CH3OH 10:1
Figure 5 shows the far-IR spectrum of the more astrophysical
H2O:CH3OH 10:1 ice mixture, deposited at 8 K and warmed up
to 135 K. The ice was composed of 2.0 × 1019 molecules cm−2
of water and 2.4 × 1018 molecules cm−2 of methanol. Both the
spectra at 8 K and 135 K present only the water-dominated band.
This is probably due to the low column density of methanol in
this experiment, leading to the weakest methanol features in this
series of experiments, and ultimately, to its nondetection.
3.2. H2O:NH3 ice mixtures
We performed three different experiments varying the ice mix-
tures composition. The relative amounts of the two compo-
nents were chosen to investigate the behavior of, respectively,
a mixture in equal amounts (H2O:NH3 1:1) in excess of water
(H2O:NH3 3:1) and in excess of ammonia (H2O:NH3 1:3).
As in Sect. 3.1, we compared the spectra in the far-IR region
of low temperature and annealed H2O:NH3 ice mixtures with the
spectra of the pure ices. The amorphous ices were produced by
fast deposition on the substrate cooled down to a temperature of
8 K. The more ordered forms were obtained by annealing up to
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Fig. 5. Infrared spectra of an H2O:CH3OH 10:1 ice mixture in the far-
IR region at 8 K and 135 K. Spectra are offset for clarity. The spectral
window is narrower than in Figures 1 and 4 because of elevated noise
in the low-frequency region of the spectrum.
the temperature in which the physical change could be monitored
from the change in the IR spectral features.
The column densities for each mixture were calculated us-
ing the integrated optical depth of the bands at 1070, 4474, and
4993 cm−1 for ammonia and the band at 760 cm−1 for water,
as mentioned in Sect. 2. The ice thickness was estimated from
the calculated column density and assuming an ice density of
0.66 g cm−3 for ammonia (taken from Satorre et al. 2013) and
0.94 g cm−3 for water (from Dohnálek et al. 2003; Raut et al.
2007). The range of ice thickness investigated in these experi-
ments varies approximately between 1 and 10 µm. The calcu-
lated column density values were only reliable for the ices at
low temperature because ammonia started to desorb at temper-
atures higher than 90 K, as detected by the QMS. The compo-
sition of the ice mixtures were affected to an extent that was
difficult to estimate, since band strengths of the mid-IR bands
usually change with temperature (see, e.g., Jiménez-Escobar &
Muñoz Caro 2011). Therefore, no band strengths were calcu-
lated for the more ordered structures.
In Table A.2 we present a summary of the infrared band po-
sitions and apparent band strengths (A) that are derived from the
recorded spectra of the different mixtures compared with those
in the pure ices. The outcome for each case is presented and dis-
cussed thoroughly in the next sections.
3.2.1. H2O:NH3 1:1
The recorded spectra of the H2O:NH3 1:1 ice mixture, which was
deposited at 8 K and warmed up to 150 K, are shown in Fig. 6.
The column densities for this ice were estimated to be around 7×
1018 molecules cm−2 for ammonia and 1 × 1019 molecules cm−2
for water. The error associated with these values is on the or-
der of 30%. The peak frequencies and calculated apparent band
Fig. 6. Infrared spectra of an H2O:NH3 1:1 ice mixture in the
far-IR region at 8 K and annealed to 150 K (solid lines). The H2O:NH3
ratio of the annealed mixture is greater than 1 because of ammonia des-
orption (see text). Spectra are offset for clarity. The dashed line repre-
sents the calculated spectrum of an ice mixture of the same composition.
strengths are reported in Table A.2. A visual comparison to the
simulated spectrum is also presented in Fig. 6.
The most intense features in the calculated spectrum are
shifted by 50−100 cm−1 to higher frequencies with respect to
the recorded frequency. In this calculation the vibrational modes
of the ice mixture display a contribution from both components.
The band predicted at 271 cm−1 is assigned to a librational mode
of ammonia and water in various proportions. The multicompo-
nent band at ∼400 cm−1 is mainly assigned to a librational mode
of ammonia, even if the lowest components at 420 and 459 cm−1
exhibit a minor contribution from water.
The position and shape of the far-IR bands of the two com-
ponents in the ice mixture are affected compared with the cor-
responding values in the pure ice. Graphically, this behavior is
shown in Figs. 7 and 8 for the disordered and more ordered phase
at 8 K and 150 K, respectively.
The recorded spectrum at 8 K, shown in Figure 7, is com-
pared to the sum of the two spectra of the pure water and ammo-
nia ices scaled to their column densities. It is easily observed
that the intensity of the band at 212 cm−1, which is a water
feature, is reduced compared with the same feature of the pure
ice. Furthermore, the broad band at 418 cm−1, indicative of the
presence of ammonia, is affected to a lesser extent by the pres-
ence of water. This behavior is different to the one observed
for the 1:1 H2O:CH3OH ice mixture at 8 K in Sect. 3.1.1. In
the present case, the band strength of the water feature shows
a decrease of about one order of magnitude compared to the
pure ice, while in the mixture with methanol, the decrease of
the water-dominated band strength is negligible. While hydro-
gen bonds formed between water and methanol molecules are of
comparable strength to those formed between water molecules,
hydrogen bonds formed between water and ammonia molecules
are stronger Hagen et al. (1981). The presence of ammonia
molecules in the ice thus affects the lattice vibrational mode
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Fig. 7. Infrared spectra of an H2O:NH3 1:1 ice mixture in the far-IR
region at 8 K (black solid line) along with the spectra of pure water (blue
solid line) and ammonia (red solid line) ices of the same thicknesses as
that of each species in the ice mixture. Pure ice spectra are shifted for
clarity. The dashed line is the sum of the two pure ice spectra.
Fig. 8. Infrared spectra of an H2O:NH3 ice mixture deposited with a
1:1 ratio in the far-IR region at 150 K (black solid line) along with
the spectra of pure water (blue solid line) and ammonia (red solid line)
ices of the same thicknesses as that of each species in the deposited ice
mixture. Pure ice spectra are shifted for clarity. The dashed line is the
sum of the two pure ice spectra.
of the water molecules to a greater extent than the methanol
molecules, decreasing the corresponding band strength.
The spectrum of the annealed ice mixture is shown in Fig. 8.
As for the amorphous phase, the spectroscopic features of the
mixture are compared to those of the pure crystalline ices, an-
nealed at 70 K and 150 K for ammonia and water, respectively.
Fig. 9. Infrared spectra of an H2O:NH3 3:1 ice mixture in the far-IR re-
gion at 8 K (solid line). The dashed line represents the calculated spec-
trum of an ice mixture of the same composition.
The spectrum is also compared with the sum of the pure ice spec-
tra. In this case, as well, the intensity of the water band in the
mixture is reduced with respect to that in the pure ice.
We refer to Table A.2 for the calculated values of the far-IR
apparent band strengths for ammonia and water in the 1:1 ice
mixture.
3.2.2. H2O:NH3 3:1
Figure 9 shows the recorded spectrum for the H2O:NH3 3:1 ice
mixture deposited at 8 K. This ice has a column density of 4 ×
1018 molecules cm−2 for ammonia and 1 × 1019 molecules cm−2
for water, respectively. Unfortunately, it was not possible to
record the spectrum of the annealed phase because the ice was
completely evaporated before the phase transition temperature
was attained.
The simulated spectrum from theoretical calculations is
shown for comparison. The band predicted at 224 cm−1 has a
strong contribution from a translational mode of water and a
weaker contribution from an ammonia librational mode. The
calculated band at 444 cm−1 is assigned to a librational mode
from both ammonia and water. Although both species contribute
to both vibrational modes, the contributions are not equivalent;
there is a larger participation of the water motion in the lower fre-
quency mode and of ammonia in the second, which is in agree-
ment with the assignment proposed for the spectra of the pure
ices (Giuliano et al. 2014).
The simulated spectrum does not correctly represent the rel-
ative intensities between water and ammonia far-IR bands. The
water feature at 220 cm−1 is predicted to be less intense than the
experimental feature. From the analysis of the relative intensi-
ties of the two-component features, which are shown in Fig. 10,
we can observe that the mixing of the components in the ice is
affecting the band strengths of the two components in a more
considerable way for the less abundant component, which is am-
monia in this case.
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Fig. 10. Infrared spectra of an H2O:NH3 3:1 ice mixture in the far-IR
region at 8 K (solid line) along with the spectra of pure water (blue solid
line) and ammonia (red solid line) ices of the same thicknesses as that
of each species in the ice mixture. Pure ice spectra are shifted for clarity.
The dashed line represents the sum of the two pure ice spectra.
3.2.3. H2O:NH3 1:3
In order to investigate the effect on the band strengths of the
two components of the mixture in excess of ammonia, we an-
alyzed the H2O:NH3 1:3 ice mixture deposited at 8 K and an-
nealed up to 120 K. This mixture has a composition of 2.4 ×
1019 molecules cm−2 for ammonia and 8 × 1018 molecules cm−2
for water.
Figure 11 illustrates the spectra of the amorphous and or-
dered phases together with the calculated spectrum for this mix-
ture, which shows a better agreement with the spectrum of the
annealed form. The predicted bands at 372, 465, and 471 cm−1
are mainly assigned to ammonia librational modes with a mi-
nor contribution of water libration for the higher frequency
components.
As expected from the analysis of the previous experiments,
the water feature at ca 220 cm−1 is not visible. This effect is due
to a combination of two factors. First, the dilution of the water
molecules in the ice mixture contributes to a reduction of the
intensity of the band; secondly, the band strength of the water
feature, which is the less abundant component in the mixture, is
expected to be reduced by the presence of a second component
in the ice.
4. Astrophysical implications
Laboratory characterization of ice mixtures in the far-IR region
provides a benchmark for ice observations in the ISM. So far,
water ice is the only species detected in interstellar ices by means
of far-IR spectroscopy. Omont et al. (1990), Dartois et al. (1998),
and Cohen et al. (1999) observed the 44 µm feature, correspond-
ing to water ice, from ISO data. Future planned missions like
SPICA, or Herschel/PACS archive data beyond 50 µm are ex-
pected to expand the detection of ices to this wavelength range.
Other ice components already detected in the mid-IR have not
yet been observed in far-IR spectra. The presence of several
Fig. 11. Infrared spectra of an H2O:NH3 1:3 ice mixture in the far-IR
region at 8 K and annealed at 120 K (solid lines). The H2O:NH3 ratio
of the annealed mixture is greater than 1 due to ammonia desorption
(see text). Spectra are offset for clarity. The dashed line represents the
calculated spectrum of an ice mixture of the same composition, which
is in better agreement with the spectrum of the annealed ice.
components in the ice mantles could affect both the shape and
band strengths of the far-IR features compared to the pure ice
spectra, as seen in Sect. 3.1, and especially in Sect. 3.2, where
band strengths are clearly decreased in the ice mixtures, com-
pared to the corresponding values in pure ices. Minor compo-
nents are the most affected species and, ultimately, overabun-
dance of water in interstellar ices may hinder the far-IR detection
of other species, as seen in Sect. 3.1.3.
Laboratory far-IR spectra of mixed ices like those studied in
this work are nonetheless a more accurate benchmark to search
for features corresponding to minor components. In particular,
most of the NH3 present in interstellar ices is expected to be well
mixed with H2O in the polar phase formed early during cloud
evolution. This phase could also harbor a fraction of the solid
CH3OH, although most of the methanol molecules are probably
contained in the CO-rich phase subsequently formed (see, e.g.,
Boogert et al. 2015)
Bands in the far-IR region are also significantly affected by
the thermal history of the ice, since structural changes are in-
duced when ice mantles are annealed from low to high temper-
atures, leading to modifications in the lattice vibrational modes.
By analyzing the spectra recorded by the missions mentioned
above, and comparing them to the laboratory spectra of both pure
and mixed ices, information on the ice composition and struc-
ture could be derived. The column densities of the molecules in
the ice could subsequently be calculated from the band strengths
presented in Tables A.1 and A.2, provided that their IR features
are not hindered by those of water. Even if this condition is not
fulfilled, changes on the water band shape compared to the pure
ice case could provide at least qualitative information on the ice
composition and structure.
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5. Conclusions
We have analyzed the IR spectra of astrophysically relevant ice
samples in the whole spectral range from the near-IR to the far-
IR spectral regions. Binary ice mixtures with different compo-
sitions of water and methanol or ammonia were studied, both
in their amorphous phases at low temperature (8 K) and in
more ordered structures achieved by thermal annealing to higher
temperatures.
Far-IR features in the ice mixtures were usually assigned to a
band in the pure ice spectra of one of the components. In the case
of the annealed ice samples, the assignment was done to bands
of the crystalline pure ices, indicating that segregation may be
taking place to some extent.
The analysis of the spectra was supported by theoretical
calculations using software programs of the Material Studio
package from Dassault Systèmes Biovia Corp. A comparison be-
tween the predicted and the measured spectra allowed us to as-
sign far-IR bands to particular vibrational modes. In general, ev-
ery far-IR band was due to the contribution of vibrational modes
of the two components present in the ice mixture. Bands were
assigned to a particular component in the mixture when they pre-
sented a stronger contribution from the vibrational modes of that
component.
Features in the near- and mid-IR regions of the spectra were
used to derive column densities of the components in the ice
samples. The gas phase was monitored by means of a QMS dur-
ing annealing of the samples, and no ice losses were detected for
water and methanol at the temperatures at which the IR spectra
were collected. Ammonia was found to desorb at temperatures
higher than 90 K, making the derivation of the column densi-
ties and compositions in the ice mixtures at 8 K not reliable at
higher temperatures. Band strengths of the far-IR features were
subsequently calculated (except for the annealed H2O:NH3 mix-
tures) and compared to the band strengths of the correspond-
ing bands in the pure ice spectra. Band strengths in the mixtures
were up to one order of magnitude lower than in the pure ices
for the more critical cases. In general, larger differences were
observed in those mixtures where the components were more di-
luted, and the nature of the components was different. In the case
of water ice, band strengths in mixtures with ammonia were sys-
tematically lower than in mixtures with methanol. This could be
because methanol and water molecules behave similarly, form-
ing hydrogen bonds with a similar strength. Therefore, the pres-
ence of methanol molecules in a water ice could affect the water
far-IR features to a lesser extent than the presence of ammonia
molecules. In any case, these differences are higher than in the
mid-IR region, since vibrational modes in the far-IR are expected
to be more affected by the environment of the molecules. This is
clearly supported by the theoretical calculations, where most of
the modes present contribution of both components of the ice
mixture, as mentioned above.
These results provide a benchmark for the analysis of ob-
servations from future space telescope missions operating in the
far-IR.
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Appendix A: Additional tables
Table A.1. Infrared band positions and apparent band strength (A) values of water-methanol mixed ices derived for the amorphous state at 8 K,
and for a more ordered state at a higher temperature (n.d. stands for non detected).
Ice Frequency (cm−1) Frequencypure (cm−1)a Temperature A (cm molec−1)b Apure (cm molec−1)c
H2O:CH3OH (1:1)
CH3OH n.d. 303 8 n.d. 9.3 (4.8) × 10−20
H2O 203 219 ≤5.5 × 10−18d 4.4 (1.7) × 10−18
CH3OH 344 347 130 8.1 × 10−19 1.3 (6.6) × 10−18e
170 f 177 n.d. 8.2 (4.3) × 10−19e
H2O 215 227 4.6 × 10−18g 5.3 (2.0) × 10−18h
160
H2O:CH3OH (3:1)
CH3OH n.d. 303 8 n.d. 9.3 (4.8) × 10−20
H2O –i 219 ≤5.1 × 10−18d 4.4 (1.7) × 10−18
CH3OH 345 347 130 1.4 × 10−18 1.3 (6.6) × 10−18e
176 f 177 8.2 (4.3) × 10−19e
H2O 219 227 5.5 × 10−18g 5.3 (2.0) × 10−18h
160
H2O:CH3OH (10:1)
CH3OH n.d. 303 8 n.d. 9.3 (4.8) × 10−20
H2O 205 219 ≤8.3 × 10−18d 4.4 (1.7) × 10−18
CH3OH n.d. 347 135 n.d. 1.3 (6.6) × 10−18e
n.d. 177 n.d. 8.2 (4.3) × 10−19e
H2O 223 227 ≤5.5 × 10−18 j 5.3 (2.0) × 10−18h
160
Notes. (a) Peak frequency of the related band in the pure ice, from Giuliano et al. (2014). (b) Derived in this work from the analysis of the bands
in the far-IR region. (c) Band strength of the related band in the pure ice, from Giuliano et al. (2014). (d) The band corresponding to amorphous
water is blended with the wide undetected band of methanol at ∼303 cm−1. (e) Band strength of the pure methanol ice derived at 120 K. ( f ) With
contribution of the peak observed at ∼160 cm−1 in the red side of the crystalline water far-IR band (see text). (g) Assuming that the band strength
of the ∼177 cm−1 vibrational mode is modified by the same factor than the ∼347 cm−1 mode with respect to the pure ice case, and substracting
the hypothetical area of the ∼177 cm−1 band to the total area of the ∼227 cm−1 band. (h) Band strength of the pure water ice derived at 150 K.
(i) The band was detected, but the peak frequency could not be derived because of the noise in that region of the spectrum (see Fig. 4). ( j) The band
corresponding to crystalline water is blended with the undetected band of methanol at ∼177 cm−1.
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Table A.2. Infrared band positions and apparent band strength (A) values of water-ammonia mixed ices derived for the amorphous state at 8 K,
and for a more ordered state at a higher temperature (n.d. stands for non detected).
Ice Frequency (cm−1) Frequencypure (cm−1)a Temperature (K) A (cm molec−1)b Apure (cm molec−1)c
H2O:NH3 (1:1)
NH3 418 419 8 3.2 × 10−18 8.1 (1.5) × 10−18
H2O 200 219 6.8 × 10−19 4.4 (1.7) × 10−18
NH3 380 419 150 -d 1.2 (0.2) × 10−17e
H2O 235 227 -d 5.3 (2.0) × 10−18
160
H2O:NH3 (3:1)
NH3 414 419 8 9.4 × 10−19 8.1 (1.5) × 10−18
H2O 200 219 1.8 × 10−18 4.4 (1.7) × 10−18
H2O:NH3 (1:3)
NH3 440 419 8 6.9 × 10−18 8.1 (1.5) × 10−18
H2O -d 219 n.d. 4.4 (1.7) × 10−18
NH3 480 419 120 n.d. 1.2 (0.2) × 10−17e
H2O n.d. 227 n.d. –
160
Notes. (a) Peak frequency of the related band in the pure ice, from Giuliano et al. (2014). (b) Derived from the analysis of the bands in the far-IR
region. (c) Band strength of the pure ice, from Giuliano et al. (2014). (d) Band strengths at high temperatures were not calculated because the
H2O:NH3 ratio changed after ammonia desorption (see text). (e) Band strength of the pure ammonia ice derived at 100 K.
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